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Barley stripe mosaic virus (BSMV) is the type member of the genus Hordeivirus, rigid, rod-shaped viruses
in the family Virgaviridae. We have used ﬁber diffraction and cryo-electron microscopy to determine the
helical symmetry of BSMV to be 23.2 subunits per turn of the viral helix, and to obtain a low-resolution
model of the virus by helical reconstruction methods. Features in the model support a structural
relationship between the coat proteins of the hordeiviruses and the tobamoviruses.
& 2013 Elsevier Inc. All rights reserved.Introduction
Barley stripe mosaic virus (BSMV; Fig. 1) is the type member of
the genus Hordeivirus, a group of rigid, rod-shaped ﬁlamentous
viruses in the family Virgaviridae (Adams et al., 2009). The virus is
tripartite; virions are composed of a single type of coat protein
that helically encapsidates one of three different gRNAs, and
particle lengths vary from 110 to 150 Å (Harrison et al., 1965;
Chiko, 1975). Several reviews of the Hordeivirus genus (Jackson and
Lane, 1981; Jackson et al., 1989, 2009) and a number of publica-
tions describing hordeivirus transport within plants (for example,
Verchot-Lubicz et al., 2010) have been published; additionally,
there has been much recent interest in BSMV as a vector for virus-
induced gene silencing and related applications (Jackson et al.,
2009; Lee et al., 2012). However, little detailed structural informa-
tion is available for this group of viruses.
Structural studies from almost 50 years ago provide some
information about the morphology of BSMV. X-ray ﬁber diffractionll rights reserved.
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of radius 15 to 20 Å and a maximum radius between 105 and
115 Å; the pitch of the primary helix was determined to be
26.170.2 Å. The possibility of a strong structural feature at a
radius of 65 Å in the virus particle was discussed, and it was
proposed that the RNA might be located at a radius of 55 Å. The
experiments showed that there were 5q+1 or 5q−1 coat protein
subunits in ﬁve turns of the viral helix, with q an integer, but the
value of q was not known. Ultracentrifugation and electron
microscopy (EM) experiments (Kiselev et al., 1966) indicated the
presence of three main types of aggregates in repolymerized coat
protein preparations: disks of approximately 24 coat protein
subunits per turn, rod-like aggregates, and longer helical aggre-
gates. Negative stain electron micrographs (Atabekov et al., 1968)
suggested that there were between 20 and 22 coat protein
subunits per turn of the viral helix, and that the coat protein
subunit of BSMV could be approximated by a prolate ellipsoid of
length 75–80 Å and diameter 25–26 Å. Stoichiometric calculations
(Veerisetty, 1978) predicted the viral RNA to be at a radius of 63 Å.
For those calculations, the number of coat protein subunits per
turn was estimated to be 26, with three nucleotides associated
with each coat protein subunit.
We have recently combined ﬁber diffraction analysis with EM
to produce low-resolution models of a number of ﬂexible ﬁlamen-
tous plant viruses (Kendall et al., 2008, 2013). We have now
applied this approach to determine the symmetry and obtain a
model of BSMV.
Fig. 1. (A) Negative stain electron micrograph of barley stripe mosaic virus (Materials and methods). (B) Cryo-electron micrograph of barley stripe mosaic virus (Materials
and methods) with density inverted. Scale bars 500 Å.
Fig. 2. X-ray ﬁber diffraction pattern from an oriented sol of BSMV. White arrow:
ﬁrst intensity maximum on layer line 1, at reciprocal space radius R¼0.34 Å−1.
Black arrow: ﬁrst near-meridional layer line, corresponding to a helical pitch of
25.8 Å. Arrowheads: diffracted intensities on layer lines 20 and 21.
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Data collected from ﬁber diffraction experiments were used to
obtain initial parameters for model reﬁnement from cryo-EM data.
Fiber diffraction
The X-ray ﬁber diffraction pattern from BSMV (Fig. 2) shows
that the ﬁbers are noncrystalline, with continuous diffraction
along layer lines. The pattern is dominated by a series of near-
meridional layer lines whose spacing corresponds to a virus helical
pitch of 25.870.2 Å, close to the pitch determined by Finch
(1965). The meridian is the line through the origin and parallel
to the ﬁber axis, approximately vertical in this ﬁgure. Between the
near-meridional layer lines, off-meridional layer lines are located
at spacings one-ﬁfth those of the near-meridional layer lines, that
is, corresponding to a 129 Å repeat or ﬁve turns of the viral helix.
Finch (1965) pointed out that these spacings and the distribution
of intensities on the off-meridional layer lines suggest that there
are 5q+1 coat protein subunits in ﬁve turns of the viral helix,
where q is an integer. Although the possibility of 5q−1 could not be
completely excluded, the pair of layer lines 20 and 21 near the
meridian (Fig. 2) supports 5q+1; the pair would be 19 and 20 if the
number of subunits in the repeating unit were 5q−1 (Kendall et al.,
2008).
The ﬁrst intensity maximum on layer line 1 (Fig. 2) is at
reciprocal space radius R¼0.34 Å−1. The intensity at a point R on
a layer line depends on Jn(2πRr), where Jn is the Bessel function of
order n, R is the reciprocal space radius (the distance along the
layer line from the meridian), and r is the radius of the structural
feature giving rise to the diffracted intensity. On the ﬁrst layer line,
n is the integer nearest to the number of subunits in each turn of
the diffracting helix, corresponding to q as deﬁned above (Cochran
et al., 1952; Chandrasekaran and Stubbs, 2012). At low resolution,
r is typically a little less than the maximum particle radius, that is,
the principal diffracting features are at the boundary between the
particle and the surrounding solution. Our estimate of that radiusfrom electron micrographs agrees with the value of about 110 Å
derived from diffraction data by Finch (1965); r¼100 Å and
R¼0.034 Å−1 would correspond to the ﬁrst maximum of the Bessel
function of order n¼23. While this value for n is a very rough
estimate, it is consistent with the literature estimates discussed
A. Kendall et al. / Virology 443 (2013) 265–270 267in the Introduction, and provides a useful starting point for
investigation.
Cryo-EM
An initial set of 232 cryo-electron micrographs was collected
for helical reconstruction experiments using iterative helical real-
space reconstruction (IHRSR) (Egelman, 2010). Preliminary IHRSR
reconstructions used 11,363 segments selected from these micro-
graphs. Reconstructions were started from a wide range of helical
symmetries, ranging from 16 to 28 coat protein subunits per turn.
For the ﬁrst 50 cycles of each reﬁnement, a search range of 21 was
used for Δϕ, the angular rotation between consecutive subunits in
the viral helix. Later cycles used a smaller search range (0.51).
The majority of these reconstructions, including all of the recon-
structions started with symmetries between 21.25 and 27.75
subunits per turn, converged to 23.2 (within 0.01) subunits per
turn with a pitch of 25.74 (also within 0.01) Å (Fig. 3). Reconstruc-
tions that did not converge to 23.2 subunits per turn converged to
very different symmetries that were incompatible with the ﬁber
diffraction results and stoichiometrically unrealistic.
Later IHRSR experiments used various numbers of segments
from 202 new cryo-electron micrographs. In some of these
experiments, segments for reconstruction were selected according
to different criteria, so that the number of segments used ranged
from a few hundred to 160,000. 22,215 segments were used in the
reﬁned model shown below (Fig. 4). All of these later reconstruc-
tions started with symmetries within 0.5 of 23.2 subunits per turn,
but a wide variety of other variables was tested, including varia-
tions in the size of the selected segments, the amount of overlap
between the selected virus segments, the correlation required
between the segments and their selected reference projections,
and the allowed search ranges and shifts. Search ranges in this
series of experiments were 0.2–0.51 for Δϕ and 0.1–0.2 Å for Δz,
the axial translation between consecutive subunits. In some
experiments, the boxed segments were sorted by eye to select
virus segments with good contrast and straightness, and only
those segments were used in reconstructions; in other experi-
ments, the segments were separated by diameter using scripts
from IHRSR++ (Parent et al., 2010) and reconstructed separately. In
one set of experiments, diffraction patterns were calculated using
SPIDER (Frank et al., 1996), and only those segments whoseFig. 3. Convergence of the rotation angle Δϕ in preliminary BSMV IHRSR experi-
ments. Reconstructions started between Δϕ¼13.01 and Δϕ¼17.01 (corresponding
to 21.25–27.75 subunits per turn) converged to a symmetry of 23.2 subunits per
turn and a helical pitch of approximately 25.8 Å; experiments started outside this
range did converge, but in most cases outside the range shown in this ﬁgure,
and in all cases producing models that conﬂicted with ﬁber diffraction results (for
example, the reﬁnement in the ﬁgure that converges to 47 subunits per
helical turn).calculated patterns included a second near meridional layer line
were used. Despite the variations in reﬁnement protocols and
selection criteria, most of these reconstructions produced ﬁnal
models with close to 23.2 subunits per turn and a pitch of
approximately 25.6 Å, and the corresponding models (Fig. 4) were
indistinguishable in appearance. The very few reconstructions that
did not converge to this symmetry converged to symmetries that
were unrealistic and inconsistent with the ﬁber diffraction data, as
in the ﬁrst series of reconstructions.
A typical reﬁned model is shown in Fig. 4. The reconstruction
that produced this model started with 23.20 subunits per turn and
a pitch of 25.98 Å, and converged to 23.19 subunits per turn and a
pitch of 25.62 Å. The search ranges were 0.21 for Δϕ and 0.1 Å for
Δz. The nominal resolution of the model determined using the
routines available in the IHRSR script (Material and methods) was
approximately 18 Å. When virus particle images were ﬁrst sepa-
rated into two stacks with approximately equal numbers of
particles and similar ranges of defocus values (Yamaguchi et al.,
2010) and models were calculated independently, aligned, and
correlated to each other, the nominal resolution was ∼19 Å.
The maximum radius of the main body of density in BSMV is
approximately 100 Å. However, protrusions (lower white arrow,
Fig. 4B) extend from the outer edge of each subunit to a radius of
approximately 122 Å. The inner radius of the virus is not clear
from the cryo-EM reconstructions, as the density maps are very
noisy at low radius; an inner radius of 15 Å was imposed by the
reconstruction script. There is a continuous region of density
following the viral helix at a radius of approximately 50 Å (black
arrow, Fig. 4B). A second such helix (upper white arrow, Fig. 4B)
with its maximum density at approximately 91 Å radius is made
up of discrete units spaced closely together. A continuous helical
channel (arrow, Fig. 4D), which persists at all reasonable contour-
ing levels, separates consecutive turns of the viral helix between
radii 60 Å and 80 Å.Discussion
As a member of the Hordeivirus genus, BSMV belongs to the
recently described Virgaviridae family, rigid rod-shaped plant
viruses including the genera Furovirus, Hordeivirus, Pecluvirus,
Pomovirus, Tobamovirus, and Tobravirus (Adams et al., 2009). These
genera do not share a common helical symmetry; our BSMV
results conﬁrm the observation that the BSMV symmetry (23.2
subunits per turn) is very different from that of the well-
characterized tobamoviruses (16.3 subunits per turn), and simi-
larity between the symmetries of the tobamoviruses and the
tobraviruses has also been questioned (Goulden et al., 1992).
However, several groups have proposed that the rigid rod-
shaped viruses may share a common coat protein structure and
a common evolutionary ancestor (Dolja et al., 1991; Goulden et al.,
1992; Chen et al., 1997; Adams et al., 2009; Makarov et al., 2013).
Coat protein sequence alignments (Dolja et al., 1991) show a
number of similarities among these viruses. Structures of toba-
moviruses including tobacco mosaic virus (TMV; Namba et al.,
1989), cucumber green mottle mosaic virus (Wang and Stubbs,
1994), and ribgrass mosaic virus (Wang et al., 1997) have been
determined by ﬁber diffraction at resolutions sufﬁcient to build
atomic models; recently, molecular-resolution structures of TMV
have been determined by cryo-electron microscopy (Sachse et al.,
2007; Clare and Orlova, 2010; Ge and Zhou, 2011).
Even at low resolution, the cross-section of the BSMV virion
bears a resemblance to the TMV cross-section. The continuous
helical density that we observe at about 50 Å radius appears to be
a very strong candidate to represent the RNA in the virion. Finch
(1965) suggested on the basis of a radial density distribution from
Fig. 4. Model of BSMV from IHRSR. Color coding is from red–orange (low density) to green–blue (high density). (A) Section normal to the viral axis, without symmetry
imposed. (B) Section normal to the viral axis, with symmetry imposed. White arrows: 91 Å radius density; protrusions. Black arrow: 50 Å radius density. Scale bar¼100 Å
and applies to all panels. (C) Outside surface view with symmetry imposed. (D) Section through the viral axis with symmetry imposed. Arrow: helical channel.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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If there are indeed three nucleotides bound to each coat protein
subunit (Veerisetty, 1978), as in the tobamoviruses, the RNA would
be a little (about 12%) less extended than it is in TMV, but not
unreasonably so. Dolja et al. (1991) have pointed out that there are
signiﬁcant differences between the tobamoviruses and the hor-
deiviruses in some of the amino acid sequences involved in RNA
binding, and that there are probably corresponding differences in
the RNA-binding site. Nevertheless, the sequence TRNRI in TMV
(residues 89–94) is close in alignment to TRLSRL in BSMV (residues
109–114), and D116 in TMV is conserved as D157 in BSMV. R90,
R92, and D116 are very important in RNA binding in the tobamo-
viruses (Namba et al., 1989); all are part of the left radial α-helix
in TMV.
The core of the tobamovirus coat protein structure is a bundle
of four α-helices (Champness et al., 1976; Namba et al., 1989). On
grounds of both shape and location, the density running radially
from about 50 Å to 80 Å radius (Fig. 4B and D) is the best candidate
for this structural motif. The bundle would need to be slightly
modiﬁed to ﬁt into the available space; the subunit is too narrow
to accommodate the four helices at lower radius, but the helices
could easily ﬁt if the slew helices (two of the helices in TMV) were
moved 5 to 10 Å to higher radius. This interpretation of the density
moves all of the common structures to higher radius in the
hordeiviruses, as would be necessary to accommodate the extra
subunits in the higher helical symmetry. A 22-residue BSMV insertbetween tobamovirus residues 107 and 108, as proposed in the
alignment of Dolja et al. (1991), would extend the subunit to lower
radius, maintaining the size of the central hole (Fig. 4 and Finch,
1965) at about the same size in the tobamoviruses and the
hordeiviruses. The pitch of the viral helix in BSMV is signiﬁcantly
larger than in TMV (from ﬁber diffraction measurements, 25.8 Å
rather than 22.9 Å; Kendall et al., 2007). The resulting gap
between subunits is reﬂected in the continuous helical channel
at radius 60–80 Å (Fig. 4D). The presence of this channel means
that the axial intersubunit interactions in BSMV must be very
different from those of TMV, even if the α-helical core is con-
served. The channel is most probably the strong structural feature
at a radius of 65 Å noted by Finch (1965).
While it would be unwise to place too much reliance on either
sequence alignment or low-resolution models, it is interesting to
speculate on the nature of the high-radius protrusions we observe
in the BSMV model, and to compare them with the structure of
TMV (Namba et al., 1989). In TMV, the N- and C-termini of the coat
protein are located close together on the outer surface of the
virion, and a short C-terminal segment forms a protrusion similar
to, although rather smaller than the one in BSMV. In the alignment
of Dolja et al. (1991), the BSMV sequence extends about 10
residues beyond the TMV sequence (and all of the other rigid
rod-shaped virus sequences considered) at both termini. We might
therefore speculate that the protrusions could be formed from
short segments of the coat protein at the termini. In support of this
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seven residues 2, 61, 62, 63, 144, 145, and 152, conserved in the
tobamoviruses (Altschuh et al., 1987), in stabilizing the structure of
the high radius region of the TMV coat protein. Except for Pro63,
which becomes alanine, these residues are conserved in BSMV,
and all are located close to the point that we have suggested could
correspond to the base of the protrusion in BSMV.
In summary, the low-resolution structure of BSMV is similar to
that of TMV, despite the very different helical symmetries of
the two viruses. In BSMV, components corresponding to those of
the TMV subunit are at higher radius in order to accommodate the
larger number of subunits per helical turn, and the RNA binding
site is consequently at higher radius. However, the core of the
subunit is probably still a four helix bundle, and the N and C
termini are probably still close together on the outer surface of
the virion. A peptide insert at low radius ﬁlls the gap created by
the shift of the subunit to higher radius. These results support the
hypothesis (Dolja et al., 1991) that the coat protein fold of
hordeiviruses is similar to that of the tobamoviruses.Materials and methods
Virus puriﬁcation
The ND-18 strain of barley stripe mosaic virus was propagated
for two weeks in Hordeum vulgare var. Black Hulless, and puriﬁed
using a slight modiﬁcation of the method of Lawrence and Jackson
(1998). Infected tissue was homogenized in 0.5 M borate pH
9.0 and squeezed through cheesecloth, then centrifuged at
6600 g for 10 min. Triton X-100 was added to the supernatant to
a ﬁnal concentration of 1% and the solution was stirred for 10 min.
The solution was centrifuged through cushions of 20% sucrose in
0.3 M borate pH 9.0/1% Triton X-100 for 1 h at 273,000 g. Pellets
were resuspended in a small amount of 50 mM potassium phos-
phate pH 6.8 and stirred for 30 min. The solution was centrifuged
brieﬂy to remove aggregated materials. Triton X-100 was added to
a ﬁnal concentration of 1% and the solution was stirred for 10 min.
The solution was then centrifuged through cushions of 24%
sucrose in 100 mM potassium phosphate pH 6.8/0.1% Triton
X-100 for 3 h at 310,000g; in some cases, a second 24% sucrose
cushion was necessary to clarify the solution. The ﬁnal pellets
were resuspended in 10 mM potassium phosphate pH 6.8.Fiber diffraction
Oriented sols for ﬁber diffraction were prepared by the method
of Gregory and Holmes (1965). Soft pellets were produced by
centrifuging 1 ml solutions of BSMV at 8300g for 21 h. Glass
capillaries, diameter 0.5 mm (Charles Supper, Natick MA), were
washed and rinsed with 1.0 M potassium chloride. A 1 cm column
of BSMV pellet was drawn into the capillary and aspirated back
and forth, and the capillary was ﬂame-sealed. Fiber diffraction
data were collected at beamline 4–2 at the Stanford Synchrotron
Radiation Laboratory (Fig. 2) and also at the BioCAT beam line of
the Advanced Photon Source synchrotron, Argonne National
Laboratory. Samples were dusted with calcite, and the specimen-
to-detector distance was determined from the 104 calcite diffrac-
tion ring at 3.0355 Å resolution (Effenberger et al., 1981). The
specimen-to-detector distance for the pattern in Fig. 1B, collected
at SSRL, was approximately 324 mm, the beam diameter was
∼100 μm, the pixel size was 73.2 μm, and the X-ray wavelength
was 1.078 Å. Data were recorded using a Rayonix MX225-HE
detector. Diffraction patterns were analyzed using the program
WCEN (Bian et al., 2006).Electron microscopy, image processing, and helical reconstruction
For negative stain electron microscopy, BSMV at a concentra-
tion of ∼0.5 mg/ml was applied to continuous carbon ﬁlm on 400
square mesh copper EM grids (Electron Microscopy Sciences,
Hatﬁeld, PA). The grids were stained with 2% uranyl formate and
1% uranyl acetate, and micrographs were collected on a Philips
CM12 operating at 80 keV. For cryo-electron microscopy, BSMV at
a concentration of ∼100 mg/ml was applied to freshly glow dis-
charged 400 square mesh copper EM grids (Electron Microscopy
Sciences) to which holey carbon ﬁlm had been added. Excess
liquid on the grid was blotted away with ﬁlter paper and the grid
was vitriﬁed in liquid ethane using a manual plunge device.
Micrographs (for an example, see Fig. 1B) were collected on an
FEI TF30 Polara at 300 keV, with the sample grid maintained at
liquid nitrogen temperature (78 K) and with a magniﬁcation of
255,000 at the level of the Gatan US4000 CCD camera. The total
electron dose varied between 10 and 25 electron/Å2. Imaging was
facilitated by the Script Assisted Microscopy package (Shi et al.,
2008).
232 micrographs were collected for preliminary IHRSR experi-
ments. The images were software binned to 2.356 Å. Defocus
values of the micrographs were determined using the program
CTFIT, a part of the EMAN suite (Ludtke et al., 1999); defocus values
of these micrographs varied between 0.68 and 3.13 μm. The
defocus values were used to correct for the phase component of
the contrast transfer function and a 7 Å low pass ﬁlter was applied.
161 pixel square segments of the virions were selected using
BOXER, also from EMAN; approximately 11,400 segments were
selected.
For later experiments, 202 micrographs were collected, and the
images were binned to 1.178 Å. Defocus values of the micrographs
were determined using CTFFIND3 (Mindell and Grigorieff, 2003);
the defocus values for these micrographs varied between 0.58 and
2.4 μm. These values were used to correct for the phase compo-
nent of the contrast transfer function using scripts from the IHRSR
++ package (Parent et al., 2010). Segments of virions were selected
using the program HELIXBOXER from the EMAN suite (Ludtke
et al., 1999). Additional scripts from the IHRSR++ package were
used to invert the density of the virus segments, to cut the
segments into overlapping boxes, and to pad the boxes out to
square images.
All reconstruction experiments used either IHRSR (Egelman,
2010) or IHRSR++ (Parent et al., 2010), both of which make use of
the SPIDER software package (Frank et al., 1996). Initial models
were solid cylinders (Egelman, 2010) or in some cases models
from earlier reconstructions. The choice of initial model did not
affect the appearance of the ﬁnal model. Models were constrained
to have inner radii of 15 Å and outer radii of 130 Å. The hand of a
model determined in this way is arbitrary; however, at the
resolution of these reconstructions, the hand is not informative.
The value of the outer radius was optimized to ensure that it did
not cut off density. In each cycle of IHRSR, observed images are
compared with the current model, and the angular increment
between consecutive subunits in the viral helix as well as the pitch
are varied within chosen search ranges to optimize the agreement.
The approximate resolution of each reconstructed model was
determined by separating the segments into two stacks, one with
the even numbered segments and one with the odd numbered
segments, following the standard procedure in the IHRSR method
(Egelman, 2010). Independent models were produced from each
stack and correlated with each other. The resolution was deter-
mined by Fourier shell correlation (FSC; Harauz and van Heel,
1986), using a threshold value of 0.5. For a more accurate
resolution determination, the intact virus particle images were
ﬁrst divided into two stacks with equal representations of defocus
A. Kendall et al. / Virology 443 (2013) 265–270270values and then segmented into individual particles using the
helix_cutstk script in IHRSR++ (Parent et al., 2010), to produce two
stacks with approximately equal numbers of segments and similar
ranges of defocus values (Yamaguchi et al., 2010). Models were
independently produced from each stack, aligned with each other,
and correlated using an FSC threshold of 0.5. Alternative views are
widespread about the precise manner in which the resolution of
helical reconstructions should be determined; for example, lower
FSC threshold values are sometimes used, the ways in which the
images are divided into two stacks vary, and it is not always clear
whether helically averaged or unaveraged models are being
compared. The resolution values that we quote are conservative,
so the resolution of our reconstructions may be higher than we
have estimated. UCSF Chimera (Pettersen et al., 2004) was used to
generate models and density maps; threshold values for model
contouring were set at 1s.Acknowledgments
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